Breast cancer (BC) can recur as metastatic disease many years after primary tumor removal, suggesting that disseminated tumor cells survive for extended periods in a dormant state that is refractory to conventional therapies. We have previously shown that altering the tumor microenvironment through fibrosis with collagen and fibronectin deposition can trigger tumor cells to switch from a dormant to a proliferative state. Here, we used an in vivo preclinical model and a 3D in vitro model of dormancy to evaluate the role of Src family kinase (SFK) in regulating this dormant-to-proliferative switch. We found that pharmacological inhibition of SFK signaling or Src knockdown results in the nuclear localization of cyclin-dependent kinase inhibitor p27 and prevents the proliferative outbreak of dormant BC cells and metastatic lesion formation; however, SFK inhibition did not kill dormant cells. Dormant cell proliferation also required ERK1/2 activation. Combination treatment of cells undergoing the dormant-to-proliferative switch with the Src inhibitor (AZD0530) and MEK1/2 inhibitor (AZD6244) induced apoptosis in a large fraction of the dormant cells and delayed metastatic outgrowth, neither of which was observed with either inhibitor alone. Thus, targeting Src prevents the proliferative response of dormant cells to external stimuli, but requires MEK1/2 inhibition to suppress their survival. These data indicate that treatments targeting Src in combination with MEK1/2 may prevent BC recurrence.
Introduction
The recurrence of breast cancer (BC) as a disseminated disease remains the second major cause of cancer mortality in women in the United States (1) . The recognition that tumor cells may disseminate at very early stages of BC (2) and that metastatic disease may recur many years after initial therapy strongly suggests that disseminated cells can survive for extended periods in a growth-arrested state (3) .
Tumor dormancy may exist in several biologically distinct manifestations. Individual quiescent tumor cells have been found in the bone marrow of patients and potentially proliferate in response to stimuli or additional genetic alterations (4) . Autopsy studies have demonstrated the presence of micrometastases without clinical disease whose growth may be suppressed by a lack of angiogenic signaling or kept in check through immune surveillance (5) . Understanding what regulates the dormant-to-proliferative switch of latent tumor cells may lead to new approaches for preventing recurrent disease.
The microenvironment plays a critical role in breast tumorigenesis and metastasis with the extracellular matrix (ECM) exerting a critical influence on these processes (6) (7) (8) . We previously used a well-characterized model of mammary tumor cell dormancy whereby related cell lines derived from spontaneous mammary hyperplastic alveolar nodules exhibited either a proliferative (D2A1 cells) or dormant (D2.0R cells) phenotype at metastatic sites (9) . Our group demonstrated that an in vitro 3D culture system was predictive of dormant or proliferative behavior of human BC cell lines and that the addition of collagen 1 (C0L1) or fibronectin, ECM components associated with fibrosis and tumorigenesis, could induce the proliferation of otherwise quiescent D2.0R cells (10, 11) . Additionally, by inducing fibrosis at the lung metastatic site, otherwise dormant cells would proliferate into large, metastatic outgrowths (11) . The induction of the dormant-to-proliferative switch required activation of the integrin β1 (ITGB1) receptor and signaling through the activation of focal adhesion kinase (FAK), Src, ERK1/2, and MLCK, leading to actin stress fiber formation (10, 11) .
Based on our previous observations that Src and the mitogen-activated protein kinase (ERK/MAPK) are required for the dormant-to-proliferative switch, we hypothesized that these might be potential targets for preventing tumor recurrence in a preclinical setting. Src activity is required for integrin-dependent signaling events (12) and its expression has been closely associated with BC metastasis, increased risk of bone metastases, and poor progression-free survival in BC patients (13, 14) . Src activation has also been shown experimentally to be required for the establishment of bone and lung metastases by enhancing cell survival and proliferation of metastatic lesions (15, 16) . Saracatinib (AZD0530; AstraZeneca) is an orally active, dual Src family kinase-AB1 (SFK-ABL) inhibitor that prevents Src-associated signaling (17) and is currently being tested in phase II clinical trials.
The MAPK pathway is activated downstream of integrin signaling (18) . Upregulation of ERK/MAPK is associated with an increased risk of tumor recurrence and reduced survival in patients with triple-negative BC (19) . ERK/MAPK activation occurred in pulmonary metastases in a murine BC model (20) , suggesting a positive role for ERK/MAPK in the establishment of pulmonary metastases. Selumetinib, also known as AZD6244 or ARRY-142886 (AstraZeneca) is a potent, selective, noncompetitive ATP inhibitor of kinases MEK1/2 that specifically activates ERK/ MAPK and is currently in phase II clinical development (21) .
In this study, we explored the potential therapeutic application of SFK and MEK1/2 inhibitors on the dormant-to-proliferative process of metastatic progression using our established in vitro and in vivo models of cancer cell dormancy. We demonstrate that Src inhibition by AZD0530 or shRNA knockdown in 3D culture prevents the COL1-induced proliferation of dormant tumor cells and is associated with the upregulation and nuclear localization of the cell cycle inhibitor p27. However, the effect of Src inhibition on proliferation in vitro is not sustained once the SFK inhibitor is withdrawn. Additionally, the SFK inhibitor has a minimal effect on the growth of metastatic lesions once the dormant cells have transitioned to proliferative lesions. Thus, Src inhibition maintains quiescence, but does not revert proliferating cells to a dormant state or induce cell death. Although ERK1/2 activation by COL1 engagement with ITGB1 is not affected by Src inhibition, inhibiting ERK1/2 in combination with the SFK inhibitor AZD0530 results in the apoptotic death of dormant cells, which does not occur using either agent alone. These results suggest that the combination of an SFK inhibitor and an MEK1/2 inhibitor may represent a new strategy for decreasing the burden of disseminated metastatic dormant cells and preventing disease recurrence.
Results

SFK inhibition prevents the COL1-induced dormant-to-proliferative switch of D2.0R cells.
We have previously shown that COL1 in a 3D basement membrane extract (BME) culture system induces the proliferation of otherwise dormant D2.0R cells through an Src-dependent integrin β1 signaling cascade (11) . In this study, we examined the effect of Src inhibition on maintaining tumor dormancy and reducing metastatic growth in a preclinical setting. D2.0R cells on BME plus COL1 were seeded and immediately treated with a range of AZD0530 doses in a growth prevention regimen. We observed a dose-dependent reduction in proliferation, with complete inhibition of growth observed at a dose of 250 nM AZD0530 on BME plus COL1, which is consistent with serum levels obtained in clinical trials (refs. 22, 23, and Figure 1A ). Importantly, we observed the inhibition of proliferation by AZD0530 treatment as early as 24 hours after treatment, with no further increase in cell numbers over time, but with continued cell viability (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI70259DS1). The AZD0530-mediated reduction in proliferation was accompanied by an 85% reduction in phosphorylated Src (pSrc; Y 416 ), an indicator of Src activity, as well as a reduction in the Src target pFAK (Y 576/577 ) ( Figure 1B) , with no effect on total Src or FAK expression.
Since AZD0530 is an SFK inhibitor, we determined whether other Src family members are expressed by D2.0R cells grown on BME plus COL1 and found only c-YES to be expressed at levels comparable to those of Src at the mRNA and protein levels (Supplemental Figure 1B) . In order to confirm that Src inhibition by AZD0530 is specifically responsible for the observed inhibition of proliferation of D2.0R cells, we established stable cell lines expressing nontarget (NT) shRNA or Src shRNA ( Figure 1C ). Clones 3 and 4 exhibited a 62% and 70% knockdown of Src expression, respectively, compared with that observed in parental and NT shRNA cells, with no effect on c-YES levels (Supplemental Figure 1C) . These clones failed to proliferate on BME plus COL1 ( Figure 1D ), although they remained viable, as determined by calcein-AM staining (Supplemental Figure 1A ). Clones 1 and 2, with a less substantial knockdown of Src protein levels, were still able to proliferate but at a reduced rate compared with parental and shNT cells ( Figure 1D ). Furthermore, Src inhibition in D2.0R cells by shRNA or AZD0530 did not result in a significant reduction in cell numbers on BME without COL1 (Figure 1 , E and F). This suggests that SFK inhibition is only effective at inhibiting the dormant-to-proliferative switch mediated by COL1 supplementation without any substantial effect on the viability of dormant cells seeded on BME alone.
SFK inhibition prevents the fibrosis-induced dormant-to-proliferative switch. Given the in vitro findings related to SFK inhibition described above, we examined the effectiveness of AZD0530 on modulating dormancy in our previously reported in vivo model of a fibrosis-induced dormant-to-proliferative switch of D2.0R cells (11) . The induction of lung fibrosis in CD1 nu/nu mice via adeno-TGF-β 223/225 followed 3 weeks later by tail-vein injection of D2.0R GFP cells resulted in a significant 20-fold increase in the average total metastatic burden, as measured by quantitative fluorescence of metastatic cells in the lung (160,000 ± 49,000 pixels 2 ) as compared with the metastatic burden observed when the same cells were tail-vein injected into CD1 nu/nu mice with nonfibrotic lungs (7,640 ± 1,950 pixels 2 ) (P = 0.02) (Figure 2A ). We have previously demonstrated that a pixels 2 count of an individual lesion of less than 1,000 corresponds to a single, dormant tumor cell, whereas lesions greater than 1,000 pixels 2 represent proliferative, metastatic lesions (10, 11) . Fibrotic lungs exhibited a 5-fold increase in the percentage of proliferative metastatic lesions in the lungs compared with nonfibrotic lungs ( Figure 2B ). However, the daily administration of AZD0530 (50 mg/kg body weight) by gavage beginning 24 hours after tail-vein injection of D2.0R GFP cells resulted in an 8-fold reduction in the average metastatic burden in fibrotic lungs and abrogated the increased percentage of proliferative lesions to levels seen in nonfibrotic lungs ( Figure 2 , A and B) without affecting fibrosis-induced collagen deposition in the lungs (Supplemental Figure 2A) . Consistent with the in vitro results described above, the administration of AZD0530 to CD1 nu/nu mice instilled with empty adenovirus (Ad-empty; no fibrosis) did not significantly modulate the metastatic burden or the percentages of dormant versus proliferative lesions ( Figure 2, A and B) .
Genetic knockdown of Src inhibits the dormant-to-proliferative switch. To further demonstrate the critical role of Src in the fibrosis-induced dormant-to-proliferative switch, we performed in vivo experiments using shNT or shSrc D2.0R cells (clones 3 and 4). We observed a significant increase (P = 0.0157) in total metastatic burden in fibrotic versus nonfibrotic lungs with control shNT D2.0R cells, similar to that observed in parental D2.0R cells ( Figure 2C ). In contrast, shSrc D2.0R cells resulted in an approximately 10-to 15-fold reduction in total lung metastatic burden ( Figure 2C) . Importantly, the percentage of dormant cells versus proliferative lesions in fibrotic lungs with the shSrc D2.0R clones was similar to that observed when shNT D2.0R cells were injected into mice without lung fibrosis (~80% dormant cells and 20% proliferative lesions) ( Figure 2D ), demonstrating that shSrc D2.0R cells were unable to undergo the dormant-to-proliferative switch in fibrotic lungs. This further underscores the importance of Src activity in the proliferation of dormant cells in the context of a fibrotic environment.
Analysis of the effect of SFK inhibition on the dormant-to-proliferative switch using an ex vivo lung metastasis assay. We examined the effects of SFK inhibition on the dormant-to-proliferative switch using an ex vivo pulmonary metastatic assay (PuMA) to observe the behavior of metastatic cells in real time in lung culture sections. In this assay, we tail-vein injected tumor cells into mice, with removal of the lungs 15 minutes later and culture of the lung sections in vitro (24) . The PuMA assay recapitulated the in vivo increase in metastatic burden in fibrotic lungs compared with that seen in nonfibrotic lungs (Supplemental Figure 2B) . Treatment of D2.0R cells in fibrotic lung sections with 250 nM AZD0530 beginning 5 hours after lung removal completely abrogated the increase in metastatic burden to the levels seen in nonfibrotic lungs (48,995 ± 7,230 versus 43,161 ± 19,695 pixels 2 ) over the course of 21 days (Supplemental Figure 2B ). These results suggest that the PuMA assay is a useful surrogate system for studying the dormant-to-proliferative switch and pharmacological interventions in real time.
SFK inhibition does not revert proliferating metastatic lesions to a dormant state. We next determined whether the inhibition of Src in existing, proliferative metastatic lesions would revert the cells to a dormant state or cause the metastatic lesions to regress in an intervention regimen. D2.0R GFP cells were tail vein-injected into CD1 nu/nu mice 3 weeks following the intranasal instillation of Ad-empty or Ad-TGF-β 223/225 . Twenty-one days after tail-vein injection of the cells and after proliferative lesions had developed in the fibrotic lungs of mice, a group of mice was euthanized to determine baseline lung metastatic burden, and the remaining mice received vehicle or AZD0530 gavage daily. SFK inhibition by AZD0530 in this regimen was strikingly less effective in reducing the established metastatic burden in the fibrotic lungs as compared with the prevention regimen discussed above. In fact, in this regimen, AZD0530 was only able to prevent the further increase in metastatic burden observed between 3 and 6 weeks after tail-vein injection of D2.0R cells in fibrotic lungs ( Figure 2E ), but did not alter the percentage of dormant cells versus proliferative lesions in both normal and fibrotic lungs ( Figure 2F ).
SFK inhibition in D2.0R cells on COL1-enriched BME induces a reversible G1/S cell cycle arrest with the upregulation of nuclear p27. The proliferative index of D2.0R cells on BME or BME plus COL1 was determined as the percentage of cells expressing Ki67. The proliferative index of D2.0R cells on BME was low 24 hours after seeding ( Figure 3 , A and B) and was not significantly altered by AZD0530, demonstrating that SFK inhibition does not affect quiescent D2.0R cells. After 24 hours on BME plus COL1, however, D2.0R cells exhibited a 6-fold increase in the percentage of Ki67 positivity as compared with D2.0R cells on BME (70 ± 10% versus 12.97 ± 5.5%, respectively). The proliferative index was significantly reduced by AZD0530 across the 72-hour treatment period ( Figure 3 , A and B). A G1 phase arrest was demonstrated with 80.5% ± 4.5% of AZD0530-treated cells accumulating in the G1 phase versus 52.0% ± 4.0% of unsynchronized untreated cells ( Figure 3C ). Importantly, this cell cycle arrest of D2.0R cells on BME plus COL1 was reversible, as withdrawal of AZD0530 after 4 days of treatment resulted in the resumption of proliferation ( Figure 3D ). p27 expression was reduced at both the mRNA and protein levels ( Figure 4A ) and localized to the cytoplasm of D2.0R cells seeded on BME plus COL1 compared with cells on BME only ( Figure 4B ). We observed a reduction in p27 mRNA in D2.0R cells 12 hours after seeding on BME plus COL1 compared with that seen in cells on BME only (Supplemental Figure 3A) . Moreover, the pretreatment of D2.0R cells with the proteosomal inhibitor MG132 partially restored p27 levels on BME plus COL1 (Supplemental Figure 3B) ,
Figure 3
Effect of AZD0530 on proliferation and cell cycle profile of D2.0R cells on BME or BME plus COL1. (A) Representative Ki67 immunofluorescence of D2.0R cells on BME (upper panels) or BME plus COL1 (lower panels) treated with 250 nM AZD0530 or vehicle (scale bar: 25 μm), with (B) quantification. *P = 0.04; **P = 0.0058; ***P ≤ 0.0001. (C) Cell cycle profile of D2.0R on BME (left) or BME plus COL1 (right) treated with 250 nM AZD0530 or vehicle for 72 hours. (D) MTS assay of D2.0R cells treated with 250 nM AZD0530 or vehicle for 14 days or for 4 days, after which cells were washed and supplemented with vehicle for 10 days (dashed line indicates the recovery phase).
suggesting that activation by COL1 exerts both transcriptional and posttranscriptional effects on p27 levels. On the other hand, we observed that pretreatment with AZD0530 resulted in the upregulation of p27 at the mRNA and protein levels ( Figure 4 , A and B), which required de novo transcription, since pretreatment with the transcription inhibitor actinomycin D abolished the AZD0530-induced upregulation of p27 mRNA (Supplemental Figure 3C ). AZD0530-mediated upregulation of p27 was characterized by the nuclear accumulation of p27 ( Figure 4C ). We found that Src knockdown in shSrc D2.0R cells (clones 3 and 4) on BME plus COL1 also resulted in strong nuclear accumulation of p27, while control shNT D2.0R cells exhibited a markedly reduced expression of p27 that was exclusively cytoplasmic ( Figure 4C ). We have previously demonstrated that D2.0R cells with knockdown of integrin β1 remain quiescent in BME plus COL1 (11); we now show that these cells also exhibit strong nuclear p27 accumulation (Supplemental Figure 3D ). The induction of nuclear p27 in the absence of Src activation appears to represent a major feature of the dormant cells.
To determine the role of p27 in preventing the dormant-to-proliferative switch of AZD0530-treated cells, we established two
Figure 4
Src inhibition induces an upregulation of nuclear p27 that is reduced and primarily cytoplasmic in D2.0R cells on BME plus COL1. p27 expression determined by quantitative PCR (A), Western blotting (B), and immunofluorescence staining (C) of D2.0R cells seeded on BME or BME plus COL1 treated with AZD0530 or vehicle, and shNT and shSrc D2.0R cells seeded on BME plus COL1 for 72 hours. Scale bar: 25 μm. ***P = 0.001 compared with BME. (D) p27 levels by Western blot analysis in parental, shLuc, and shp27-1 and shp27-2 D2.0R cells. (E) MTS assay of cells from D on BME plus COL1 treated with 250 nM AZD0530 or vehicle for 72 hours.
clonal D2.0R cell lines stably expressing p27 shRNA, with a resultant 40% and 80% reduction in p27 protein levels, respectively ( Figure 4D ), while a luciferase shRNA-expressing D2.0R cell line served as a control. Whereas AZD0530 treatment resulted in the expected approximately 40% reduction in the number of parental and luciferase shRNA cells seeded on BME plus COL1, p27 shRNA cell numbers were decreased by only 25% and 13% in AZD0530-treated D2.0R shp27-1 and shp27-2 clones, respectively ( Figure 4E ). On the other hand, we found that knockdown of p27 in D2.0R cells seeded on BME had no effect on cell numbers. Therefore, knockdown of p27 mitigates the inhibitory effect of Src inhibition of the dormant-to-proliferative switch and reduces by 3-fold the inhibitory effect of AZD0530 on proliferation.
SFK inhibition prevents the spontaneous dormant-to-proliferative switch of mouse D2A1 and human BC cell lines in 3D culture and in vivo with concomitant upregulation of p27. We next examined whether SFK inhibition can also modulate the spontaneous proliferative outbreak of the metastatic D2A1 mammary tumor cells. D2A1 cells have been shown by our lab and others to remain dormant for approximately 6 days on BME or for 1 to 3 weeks in normal lung tissue, after which they begin to spontaneously proliferate (10) . Proliferation of D2A1 cells has been shown to occur concomitantly with an increase in COL1 expression in lung tissue (11) . D2A1 cells were seeded on BME and treated with AZD0530 or vehicle for 11 days. Whereas AZD0530 had no effect on D2A1 cell numbers on day 6 of treatment (pre-spontaneous outbreak), it prevented the 4-fold increase in cell numbers we observed in untreated D2A1 cells on day 11 after the spontaneous proliferative outbreak had occurred ( Figure 5B) . Interestingly, the spontaneous proliferation of D2A1 was accompanied by an increase in Src activity as evidenced by a 4-fold increase in pSrc (Y 416 ) and significant phosphorylation of FAK (Y 576/577 ) ( Figure 5A ). On the other hand, AZD0530-treated D2A1 cells exhibited a marked reduction in pSrc (Y 416 ) and pFAK (Y 576/577 ), demonstrating reduced Src activity ( Figure 5A ). We observed similar results with the two clones stably expressing shSrc (shSrc-1 and -2, with 76% and 74% Src knockdown, respectively; Figure 5C ) that failed to spontaneously proliferate on BME, whereas parental and shNT D2A1 cells underwent a spontaneous proliferative outbreak ( Figure 5D ). Human BC MDA-MB-231 cells have been previously shown to undergo a similar spontaneous proliferative outbreak after 3 days in 3D culture (10) . We similarly demonstrate that treatment with AZD0530 prevented this proliferative switch in MDA-MB-231, whereas untreated cells that proliferated exhibited a 6-fold increase in Src activity as determined by increased pSrc (Y 416 ) expression, with no effect on total Src levels (Supplemental Figure 4, B and C) .
In order to determine the efficacy of SFK inhibition on the spontaneous outbreak of D2A1 cells in vivo, CD1 nu/nu female mice were tail-vein injected with 1 × 10 6 D2A1 GFP cells and treated with AZD0530 (50 mg/kg body weight) or vehicle by gavage 24 hours later for 21 days in a prevention regimen. The metastatic lung burden in vehicle-gavaged mice was measured as 5 × 10 6 pixels 2 per mouse, whereas mice receiving AZD0530 for 21 days demonstrated a 50-fold reduction of metastatic burden in the lungs, with approximately 1 × 10 5 pixels 2 per mouse ( Figure 5E ). Importantly, the distribution of dormant versus proliferative lesions was markedly altered by AZD0530, with the dormant population increasing from 11.93% ± 5.05% in vehicle-gavaged mice to 71.45% ± 5.36% of the total lung lesions in the AZD0530-treated mice ( Figure 5F ).
To further demonstrate the critical role of Src, specifically, in the spontaneous dormant-to-proliferative switch of D2A1 cells in normal lungs, we performed in vivo experiments using shNT or shSrc D2A1 cells (clones 1 and 2). Twenty-one days after tail-vein injection, we found that shNT D2A1 cells resulted in an average metastatic burden of 1.32 × 10 6 pixels 2 per mouse, whereas clones 1 and 2 of the shSrc of D2A1 cells resulted in a 24-and 20-fold reduction, respectively, in the average lung metastatic burden compared with that seen in shNT cells ( Figure 5G) . Importantly, the knockdown of Src in D2A1 cells resulted in a significant increase in the percentage of dormant lesions (71.25% ± 8.56% and 68.83% ±10.65% for shSrc clones 1 and 2 compared with only 26.11% ± 6.79% in shNT D2A1 cells) ( Figure 5H ), similar to the effects of AZD0530.
Interestingly, our examination of p27 levels and its subcellular distribution in D2A1 cells pre-and post-spontaneous outbreak revealed that p27 levels are not reduced upon the spontaneous outbreak of D2A1 cells. p27 relocalized to the cytoplasm in D2A1 cells that underwent the spontaneous dormant-to-proliferative switch, as previously reported (10), but not in shSrc D2A1 cells or shITGB1 D2A1 cells that lack Src activation and are unable to spontaneously proliferate (Supplemental Figure 4A) . Importantly, AZD0530 treatment of D2A1 cells for 10 days resulted in both the upregulation of p27 and its relocalization to the nucleus ( Figure 6 , A and B). We also observed p27 nuclear relocalization upon SFK inhibition in AZD0530-treated human MDA-MB-231 cells in the absence of an increase in p27 protein levels ( Supplemental Figure 4D) . This raises the intriguing possibility that upregulation of cytoplasmic p27 may contribute to the proliferative outbreak of D2A1 and MDA-MB-231 cells.
To further examine the role of p27 in the inhibition of the spontaneous outbreak of D2A1 cells, D2A1 cells stably expressing p27 shRNA were established with a 60% (shp27-1) and 50% (shp27-2) reduction in p27 protein levels ( Figure 6C ). shLuc D2A1 cells underwent a spontaneous proliferative outbreak on BME by day 11 in culture (as did the D2A1 parental cells), which was prevented in both cases by AZD0530 treatment ( Figure 6D ). shp27 D2A1 cells failed to outbreak on BME by day 11, and AZD0530 treatment did not reduce cell numbers ( Figure 6D ). This further supports a role for cytoplasmic p27 in contributing to the proliferation of metastatic D2A1 cells, which could be prevented by AZD0530 treatment and the nuclear retention of p27. Importantly, we found that the forced expression of cytoplasmic, but not wild-type, p27 can substantially increase the proliferation of highly metastatic D2A1 and poorly metastatic D2.0R cells on BME plus COL1 matrices (Supplemental Figure 5) .
Targeting MEK and SFK in combination reduces the viability and number of dormant cells. Since earlier studies in other model systems have demonstrated that the ERK1/2 to p38 MAPK ratio is critical in regulating quiescence (low ratio) or proliferation (high ratio) of dormant cancer cells (25) , we examined the effect of Src inhibition on the activation p38 MAPK. AZD0530 treatment of D2.0R cells seeded on BME plus COL1 did not result in a reduction in p38 MAPK activity, as evidenced by a lack of change in the phos-
Figure 7
Combination of AZD0530 and AZD6244 induces apoptosis of D2.0R cells on BME plus COL1 and dramatically reduces their metastatic burden in fibrotic lungs. (A) pERK1/2 levels in D2.0R cells treated with 250 nM AZD0530 or vehicle for 72 hours. (B) Caspase 3/7 assays of D2.0R cells treated with AZD0530 (250 nM), AZD6244 (500 nM), or both with or without Z-VAD-FMK for 48 hours. **P = 0.0034; ***P = 0.0011. (C) Annexin V/PI staining of D2.0R cells treated with vehicle, AZD0530, AZD6244, or their combination, as above, for 48 hours with quantification ± SEM from three experiments. (D) MTS assay for D2.0R seeded on BME plus COL1 and treated, as above, for 96 hours. *P = 0.0051, **P = 0.0029, and ***P = 0.0007 compared with vehicle-treated cells; also, P = 0.0061, P = 0.0194, and P = 0.0025 comparing AZD0530 versus AZD6244, AZD0530 versus combination, and AD6244 versus combination, respectively. (E) MTS values of similarly treated D2.0R cells with or without Z-VAD-FMK at 48 hours. *P = 0.0282, **P = 0.0016, and ***P = 0.0013 compared with control vehicle-treated D2.0R cells. (F) Lung metastatic burden represented in pixels 2 of CD1 nu/nu mice instilled with Ad-TGF-β 223/225 , then tail-vein injected with 1 × 10 6 D2.0R GFP cells, followed by gavage 24 hours later with vehicle, AZD0530, AZD6244, or their combination once daily for 21 days.
This combination treatment was also evaluated in vivo. We tailvein injected the mice induced to develop lung fibrosis with D2.0R cells, as previously described, and gavaged them 24 hours later with AZD0530 (50 mg/kg) or AZD6244 (25 mg/kg). AZD0530 and AZD6244 resulted in an approximately 5-fold reduction in the average total lung burden compared with vehicle-treated mice. However, the combination therapy (which did not result in any weight loss compared with that seen with the single inhibitors or vehicle) (Supplemental Figure 8C) , resulted in a statistically significant 53-fold reduction compared with vehicle-treated mice (P = 0.0043) ( Figure 7F ). The superior efficacy of the combination treatment was also recapitulated in the ex vivo lung metastasis assay (Supplemental Figure 8D) .
Importantly, we also observed the increase in caspase activation upon cotreatment with MEK1/2 and Src inhibitor in the COL1-induced or spontaneous dormant-to-proliferative switch of other cancer cells tested. Human MDA-MB-231 cells were induced to proliferate on BME plus COL1 (Supplemental Figure 9A) , and treatment with both inhibitors resulted in increased caspase 3/7 activation compared with either inhibitor alone (Supplemental Figure 9B) . Similarly, the osteosarcoma cell line K7M2, which remains quiescent for 3 days on BME (10) and proliferates within 24 hours on BME plus COL1, exhibited increased caspase 3/7 activity with the combination of AZD0530 plus AZD6244 compared with that observed with the individual inhibitors (Supplemental Figure 9 , C and D). This enhanced apoptotic effect of the combination treatment was also observed in the spontaneous outbreak of other cancer cell lines, including K7M2 and the highly metastatic 4T1 BC cells upon their spontaneous proliferative outbreak on days 4 and 2, respectively (Supplemental Figure 9 , E-G).
Taken together, this demonstrates that the combination of SFK and MEK1/2 inhibitors has superior efficacy in inhibiting the dormant-to-proliferative switch of cancer cells, reducing the burden of dormant BC cells and decreasing the metastatic burden in vivo.
Discussion
Disease relapse from dormant tumor cells after years of latency is a major cause of mortality (26) . In this study, we have identified a combination therapy using SFK and MEK1/2 inhibitors that reduces the viability of dormant cells that are triggered to undergo a dormant-to-proliferative switch.
We have previously shown that a collagen-or fibronectin-rich microenvironment can mediate the switch of BC cells from dormancy to overtly proliferating metastatic lesions in the lung (10, 11) . This effect is mediated through an ITGB1-dependent pathway that requires Src activation beyond a threshold observed in dormant cells as well as ERK1/2 activation.
We have demonstrated that inhibiting SFK activity with AZD0530 can prevent the proliferative outbreak of dormant cells in a COL1-enriched microenvironment using a 3D culture model as well as in a COL1-enriched fibrotic lung environment in vivo. Further, the spontaneous proliferative outbreak, after a short latency period, of the highly metastatic D2A1 and MDA-MB-231 cell lines, which is accompanied by Src activation, is also prevented by the SFK inhibitor.
Although SFK inhibition prevents the COL1-induced proliferative outbreak of dormant cells in 3D culture and in the fibrotic lung environment, discontinuation of the SFK inhibitor in the presence of COL1 resulted in the proliferation of the dormant cells. SFK inhibition was also not effective in causing the regression of established metastatic lesions in vivo to their baseline level phorylation of T 180 /Y 182 of p38 MAPK (Supplemental Figure 6A) . Interestingly, we found that two p38 MAPK inhibitors (SB202190 and SB203580) resulted in increased proliferation of D2.0R cells on BME plus COL1 as compared with untreated D2.0R cells. This suggests that p38 MAPK exhibits an inhibitory effect on D2.0R proliferation that is not completely relieved by the addition of COL1. The proliferative effect of p38 MAPK inhibition was completely abrogated by cotreatment with AZD0530 (Supplemental Figure 6B) .
We have previously shown that the COL1-induced outbreak of D2.0R cells is accompanied by activation of the ERK/MAPK pathway (11) . We have now extended this observation by showing that ERK1/2 activation also occurs with the spontaneous proliferative outbreak of metastatic D2A1 and MDA-MB-231 cells cultured on BME (Supplemental Figure 7A and Supplemental Figure 10 ), concomitant with the activation of Src ( Figure 5A and Supplemental Figure 4A ). This suggests that the inhibition of ERK1/2 activation is an additional target in preventing the dormant-to-proliferative switch. We observed that the inhibition of MEK1/2 (upstream activators of MAPK) using the inhibitors U0-126 or AZD6244 reduced the proliferation of D2.0R cells seeded on BME plus COL1 (Supplemental Figure 7B ) and inhibited the spontaneous proliferation of D2A1 and MDA-MB-231 cells (Supplemental Figure 7 , C and D). However, SFK inhibition using AZD0530 did not result in the inactivation of ERK1/2. ERK1/2 phosphorylation is maintained in AZD0530-treated D2.0R cells on BME plus COL1 ( Figure 7A ) as well as in AZD0530-treated D2A1 and MDA-MB-231 cells cultured on BME after 8 and 10 days, respectively (Supplemental Figure 7E and Supplemental Figure 10 ). These results suggest that the combination of SFK and MEK1/2 inhibitors might have a more potent effect in preventing the dormant-to-proliferative switch.
To elucidate the effect of combining SFK and MEK1/2 inhibitors on the dormant-to-proliferative switch and survival of cells, D2.0R cells were seeded on BME plus COL1 and treated with either 250 nM AZD0530, 500 nM of the MEK1/2 inhibitor AZD6244, or both. Although single-drug treatment with AZD0530 only resulted in a modest increase in caspase 3/7 activity 48 hours after treatment, combining AZD0530 and AZD6244 resulted in a significantly higher caspase 3/7 activity than each inhibitor alone ( Figure 7B ), which we did not observe using AZD0530 and p38 MAPK inhibitors (Supplemental Figure 6C) . The combination of AZD0530 and AZD6244 resulted in an approximately 50-fold increase in the population of propidium iodide-positive (PI-positive) and annexin V-positive late apoptotic D2.0R cells compared with that of either inhibitor alone ( Figure 7C ), and combining AZD0530 and AZD6244 resulted in a further decrease in cell numbers compared with that seen with either inhibitor alone after 2 days of treatment ( Figure 7D ). Cotreatment of AZD0530 and AZD6244 with the pan-caspase inhibitor Z-VAD-FMK prevented the increase in apoptosis of D2.0R cells and resulted in the restoration of cell numbers to those observed with AZD0530 alone (Figure 7, B and E) . Therefore, the addition of the MEK1/2 inhibitor to AZD0530 reduces the viability of dormant cells on BME plus COL1. We found that the same combination therapy had a minimal effect on normal mammary epithelial cells (Supplemental Figure 8A ). We evaluated the reversibility of this combination treatment after 3 days of treatment. Whereas D2.0R cells treated with either drug alone showed enhanced proliferation on day 5 after drug withdrawal, we observed that D2.0R cells treated with AZD0530 plus AZD6244 failed to proliferate after 8 days in culture (5 days after drug withdrawal) (Supplemental Figure 8B) .
is not feasible due to potential side effects (27) , additional strategies are required. The ratio of ERK1/2 to p38 MAPK activity has been shown to be a determinant of the proliferative or dormant state of human head and neck cancer cells (25) . Similarly, we show that p38 MAPK is inhibitory in our dormancy model, whereas inhibiting p38 MAPK markedly increases the proliferative potential of D2.0R cells primed to proliferate in 3D by the addition of COL1. Since we observed that phosphorylation of ERK1/2 and p38 MAPK is not affected by SFK inhibition of D2.0R cells, we explored whether inhibition of ERK1/2 by blocking the activation of its upstream activators MEK1/2 could serve as an additional target to prevent the dormant-to-proliferative switch. Importantly, we have shown that using AZD0530 in combination with a MEK1/2 inhibitor (but not a p38 MAPK inhibitor) results in substantial apoptosis and a reduction of D2.0R cell numbers, which are not seen with Src inhibition alone. The superior efficacy of this combination in a prevention regimen was also observed in several other cancer cell lines that are induced to proliferate on COL1 or that are known to spontaneously proliferate on BME. This suggests that ERK1/2 signaling is necessary for the viability of SFK-inhibited cells induced to undergo the dormant-to-proliferative switch by COL1 or that are spontaneously undergoing the proliferative switch. Interestingly, withdrawal of the combination therapy delays and reduces the proliferative outbreak of the dormant D2.0R cells, which is not observed with either inhibitor alone. This demonstrates that the combination treatment is an improved strategy to reduce dormant cells and the dormant-to-proliferative switch. This combination has been shown to inhibit the growth and invasiveness of melanoma cells in 3D cultures (43) .
In summary, we have shown that SFK inhibition prevents the COL1-induced proliferative switch of metastatic dormant BC cells and highly metastatic mouse and human BC cells, concomitant with a strong nuclear accumulation of the cell cycle inhibitor p27. The combination of SFK and MEK1/2 inhibition leads to a significant apoptotic response in the dormant population of BC cells induced to proliferate through changes in the microenvironment or in quiescent cells spontaneously transitioning to a proliferative state. This approach may be of clinical value for reducing tumor recurrence.
Methods
Cell lines, stable shRNA cell lines, and inhibitors
Mouse mammary cancer D2.0R (dormant) and D2A1 (metastatic) cells derived from a spontaneous hyperplastic alveolar nodule have been previously described (9, 44, 45) and were provided by Ann Chambers (London Cancer Center, London, Ontario, Canada). 4T1 cells, obtained from Fred Miller (Barbara Ann Karmanos Cancer Institute, Detroit, Michigan, USA) (46); human MDA-MB-231 cells (ATCC); and mouse osteosarcoma K7M2 cells (47) were grown in 2D and 3D culture as previously described (10, 11) . D2.0R and D2A1 cells were generated to express GFP lentivirally via pSICO and were provided by Tyler Jacks (Massachusetts Institute of Technology, Cambridge, Massachusetts, USA). HEK-293 (ATCC) and Jurkat cells (gift from Noemi Kedei, NCI) were used as positive controls for SFKs. The Src inhibitors used were: PP1 (Enzo Life Sciences) and AZD0530 (AstraZeneca); the MEK1/2 inhibitors used were: AZD6244 (Selleckchem) and U0126 (EMD Millipore). p38 MAPK inhibitors SB202190 and SB203580, actinomycin D, and MG132 were obtained from Sigma-Aldrich.
Wild-type p27 and p27 ΔNLS-mutant constructs (provided by Giuseppe Viglietto, University of Catanzaro, Catanzaro, Italy) were electroporated into 1 × 10 6 D2.0R and D2A1 cells using the Amaxa Nucleofector (Lonza) according to the manufacturer's protocol. prior to AZD0530 administration or in reverting cells back to a dormant state. This result suggests that Src is critical in initiating the proliferation of the dormant cells, but that other factors that are Src independent are used to sustain survival. This observation is consistent with the negligible efficacy of SFK inhibitors in patients with advanced metastatic disease (27) . In fact, elevated Src activity is associated with decreased disease-free survival, increased relapse, and lower recurrence-free survival in patients with triple-negative and estrogen receptor-positive BC, underscoring the potential importance of targeting Src (28) (29) (30) . However, clinical trials with AZD0530 and other dual SFK/ABL inhibitors have shown very modest efficacy in treating advanced triple-negative BCs (31) , suggesting that these regimens may miss a "window of opportunity" as the metastatic proliferative switch occurs.
Concomitant with Src activation is the cytoplasmic relocalization of the cell cycle inhibitor p27, as well as a reduction in p27 expression in D2.0R cells when cultured with COL1. Inhibition of SFK by AZD0530 prevented the cytoplasmic relocalization of p27 in all cell lines tested and induced the increased expression of p27 in D2.0R and D2A1 cells. Interestingly, increased p27 expression has been recently reported in locoregionally disseminated dormant BC cells (32) . We demonstrated that reduced expression and cytoplasmic localization of p27 are dependent on Src activation downstream of ITGB1, since cells expressing shSrc or shITGB1 cultured on BME plus COL1 exhibit high levels of nuclear p27 expression. Interestingly, Src activation has been associated with reduced nuclear p27 expression in human BC samples (33) , and several Src inhibitors have been shown alone or in combination with other inhibitors to upregulate p27 expression in breast (34) and ovarian (35) cancer cell lines, among others. However, in our dormancy model, p27 induction did not result in as substantial an apoptotic death as reported for ovarian cancer cell lines cultured on plastic (35) . Additionally, we have shown that the AZD0530-induced nuclear localization of p27 is an important mediator of AZD0530 inhibition in spontaneously proliferating, highly metastatic cell lines.
FAK, a mediator of integrin signaling that associates with Src, has also been shown to control p27 levels by a yet-to-be-determined mechanism (36) . AZD0530 results in a reduction in phosphorylation of FAK (Y 576/577 ) through the inhibition of SFK, suggesting that reduced FAK activity (37) could also contribute to the upregulation of p27. Knockdown of p27 in D2.0R cells on BME plus COL1 only partially reduced the effect of SFK inhibition, suggesting that other SFK-dependent signaling mechanisms regulate proliferation of COL1-stimulated D2.0R cells.
Interestingly, we have shown that the spontaneous proliferation of highly metastatic D2A1 and MDA-MB-231 cells is accompanied only by the cytoplasmic relocalization of p27, but not by a reduction in p27 protein expression. Importantly, we demonstrated that these highly metastatic cell lines require elevated cytoplasmic p27 levels to undergo spontaneous outbreak, since depletion of p27 in D2A1 cells inhibits their spontaneous proliferation. This suggests that therapeutic strategies that induce the nuclear localization of p27 may prevent the dormant-to-proliferative switch of metastatic cells. Cytoplasmic p27 has previously been shown to be necessary for cancer cell motility of hepatic and BC cells (38) (39) (40) . Furthermore, epithelial-to-mesenchymal transition (EMT) is known to be associated with a highly motile phenotype (41, 42) , suggesting that cytoplasmic p27 maybe be involved in this process.
Since inhibition of the dormant-to-proliferative switch is reversible upon withdrawal of the SFK inhibitor and continual treatment Experimental metastasis assays. Four weeks after infection, 1 × 10 6 D2.0R GFP cells, shNT D2.0R GFP cells, or shSrc D2.0R GFP cells (clones 3 and 4) in 100 μl PBS were tail-vein injected into CD1 nu/nu athymic female mice. Alternatively, 1 × 10 6 D2A1 GFP or shNT D2A1 GFP cells, or shSrc-1 D2A1 GFP or shSrc-2 D2A1 GFP cells were tailvein injected into 12-week-old CD1 nu/nu athymic female mice that had not received adenovirus.
Inhibition of SFK with AZD0530
Prevention regimen. Twenty-four hours after tail-vein injection of D2.0R GFP (n = 15/group) or D2A1-GFP cells (n = 8/group), mice were randomly divided into two groups and gavaged daily with 50 mg/kg body weight of AZD0530 or vehicle (mixture of 0.5% hydroxypropyl methyl cellulose plus 0.1% polysorbate) for 21 days.
Intervention regimen. Twenty-one days after tail-vein injection of D2.0R GFP cells, mice were randomly divided into two groups (n = 10/group) and gavaged daily as described above for an additional 21 days.
Combination regimen. Twenty-four hours after tail-vein injection of D2.0R GFP, mice were randomized into four groups, with group 1 receiving vehicle gavage (n = 5); group 2 receiving AZD0530 (50 mg/kg) (n = 6); group 3 receiving AZD6244 (25 mg/kg) (n = 5); and group 4 receiving AZD0530 (50 mg/kg) followed by AZD6244 (25 mg/kg) 3 hours later (n = 6).
Lung imaging. At the experimental endpoint, mice were euthanized and their lungs imaged by fluorescent single-cell, whole-organ microscopy (SCOM) imaging (Leica DM IRB) as previously described (11) . Images of the total external surface of each lung were sequentially captured at ×10 magnification and analyzed using Openlab software (PerkinElmer).
Ex vivo metastasis assay (PuMA). The PuMA assay was performed as previously described (24) , and details of this assay are provided in the Supplemental Methods.
Statistics
All in vitro experiments were repeated at least three times, with representative blots and images shown. A 2-tailed Student's t test was used for concentrations of MTS assays. All results are represented as the mean ± SEM, with P < 0.05 considered significant. Details of the statistical analyses of metastatic lesion measurements by SCOM have been previously described (11) and are provided in the Supplemental Methods.
Study approval
All mice were treated in accordance with the Guide for the Care and Use of Laboratory Animals (NIH publication no. 1985) under an animal protocol (LCBG-011) approved by the IACUC of the National Cancer Institute (NCI).
Proliferation assay
Cells (2 × 10 3 ) were resuspended in 100 μl DMEM (1 g/l glucose; Invitrogen) plus 2% FBS and 2% Cultrex basement membrane extract (BME) (Trevigen) or 2% FBS plus BME and COL1, with or without inhibitors, respectively (final concentration of COL1: 2 mg/ml), and were grown in triplicate in 96-well plates coated with 50 μl BME or BME plus COL1. The number of viable cells was measured using the CellTiter-Glo One Solution Assay (Promega) according to the manufacturer's instructions.
Caspase 3/7 activity assay
Caspase 3/7 activity was performed using the Caspase-Glo 3/7 Assay (Promega) according to the manufacturer's protocol. A detailed description is provided in the Supplemental Methods.
Real-time quantitative PCR
RNA was extracted from 3D cultures using the TRIzol (Invitrogen) method according to the manufacturer's instructions. Real-time PCR was performed with 40 ng RNA per sample in triplicate according to the SYBR green method (Bio-Rad). Details of the primer sequences are provided in the Supplemental Methods.
Western blot analysis
Western blotting was carried out as previously described (11) . The antibodies used were: anti-Src (GD11; EMD Millipore), pSrc (Y 416 ), pFAK (Y 576/577 ), pERK1/2 (T 202 /Y 204 ), ERK1/2, p-p38 MAPK (T 181 /Y 182 ), p38 MAPK (Cell Signaling Technology), p27 (BD Biosciences), and β-actin (Sigma-Aldrich). Protein extractions from 3D cultures were performed as described (48) . The SFK antibodies are listed in detail in the Supplemental Methods.
Annexin V staining
D2.0R cells were seeded on BME plus COL1 and treated with AZD0530, AZD6244, or their combination for 48 hours as described and extracted as previously described (48) , with the use of EDTA-free trypsin. Cells were then stained with annexin V and PI using the BD Pharmingen FITC Annexin V Apoptosis Detection Kit according to the manufacturer's protocol and analyzed by flow cytometry using an LSRFortessa cell analyzer (BD Biosciences).
Cell cycle analysis
After pulsing with BrdU for 1 hour, cells were extracted from matrices as described in ref. 48 , processed as previously described (49) , and analyzed by flow cytometry using a FACSCalibur flow cytometer (BD Biosciences).
Immunofluorescence
Cells were seeded in 3D culture as described above in 24-well plates with or without inhibitors. Cells with well coating were smeared on permafrost slides and processed as previously described (50) . Slides were incubated with anti-p27 (c-19) (1/100; Santa Cruz Biotechnology Inc.) or anti-Ki67 (1/1,000; Abcam) in 5% BSA and Tris-buffered saline and Tween 20 (0.05%) (TBST) overnight at 4°C and were subsequently incubated with Alexa Fluor 594 goat anti-rabbit secondary antibodies for 1 hour, after which they were observed under a Nikon Eclipse E 800 fluorescence microscope (Nikon).
Animal studies
Pulmonary fibrosis. Pulmonary fibrosis was induced in 8-week-old female CD1 nu/nu athymic mice (Charles River Laboratories) as previously described (51) .
